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INTRODUCTION
Many forms of tissue damage, including wounding, apoptosis, or infection, can trigger a proliferative response in neighboring cells to replace damaged tissue (1, 2) . This regenerative growth requires activation of the c-Jun N-terminal kinase (JNK) signaling pathway (2) (3) (4) . JNK is a stress-activated kinase, which is stimulated by diverse signals such as wounding, irradiation, or oxidation and which induces diverse biological responses, including cytoskeleton modulation, apoptosis, and cell proliferation, leading to modulation of morphogenesis, inflammation, regeneration, and tumorigenesis (4, 5) . Induction of apoptosis enables tissues to get rid of stressed or damaged cells and is a frequent response to JNK activation. Nonetheless, JNK activity is also indispensable in some contexts for maintaining tissue homeostasis by triggering compensatory cell proliferation or stem cell activation in response to injury (3, 4, 6, 7) . Moreover, in some contexts, JNK-promoted growth can promote tumorigenesis. For example, avoidance of cell competition or activation of the Ras oncogene in Drosophila enables cellular insults associated with JNK activation and apoptosis to instead trigger JNK-dependent tumorigenesis (8) (9) (10) (11) (12) (13) (14) , and JNK activation has also been associated with tumorigenesis in mammals (4, 15, 16) .
JNK can influence several signaling pathways, some of which have been implicated in JNK-promoted cell proliferation (17) . One essential response for JNK-promoted proliferation in several contexts is activation of Yorkie (Yki in Drosophila, YAP in vertebrates) (18, 19) . Yki is a transcriptional coactivator controlled by Hippo signaling, a conserved pathway that regulates growth during development, regeneration, and oncogenesis (18, 20) . Within the Hippo pathway (Fig. 1A ), Yki and YAP are inhibited by the kinase Warts (Wts in Drosophila and LATS in vertebrates), which suppresses Yki and YAP activity by keeping them in cytoplasm. Several factors that regulate Wts have been identified, including the kinase Hippo (Hpo in Drosophila and MST in vertebrates), which gives the pathway its name. Activation of Yki and YAP leads to tissue overgrowth and tumor formation, whereas loss of Yki and YAP impairs growth and can lead to apoptosis (18, 20) . JNKdependent activation of Yki is required for regenerative growth in multiple Drosophila tissues, including larval imaginal discs and adult intestines (8, (21) (22) (23) , and is also required for growth associated with certain neoplastic tumor suppressors (8, 9, 14) . However, the mechanism by which JNK signaling promotes Yki activation has been unknown. Here, we have used a combination of genetic and biochemical approaches to elucidate a molecular mechanism linking JNK activity to Yki regulation. Moreover, we establish that JNK can promote YAP activity in mammalian cells and that it does so through a conserved molecular mechanism.
RESULTS

JNK regulation of Drosophila Hippo signaling requires Ajuba LIM protein
To investigate the mechanism by which JNK regulates Hippo signaling, we took advantage of genetic approaches available in Drosophila. Expression of an activated form of the JNK kinase hemipterous (Hep.CA) in Drosophila wing discs, under the control of a Gal4 line expressed in the center of the wing (sal.PE-Gal4), results in strong Yki activation (8) . Strong JNK activation normally promotes apoptosis; to reduce the apoptosis associated with Hep.CA expression, these flies also carry a mutation in the initiator caspase Dronc (Dronc I29 ) (24) . Yki activation was reflected in these experiments both by the nuclear accumulation of Yki protein and by the increased activity of a reporter for Yki's transcriptional activity, ex-lacZ (Fig. 1, B to E, and fig. S1H); this Yki activation was visible in both Hep.CA-expressing and neighboring cells. The biological effects of JNK activation are achieved through phosphorylation of target proteins (17) , one of which is the transcription factor AP1 (activator protein 1), a heterodimer of Fos and Jun proteins. RNAi (RNA interference) directed against Drosophila Jun did not suppress the ability of Hep.CA expression to promote Yki activation (Fig. 1F and fig. S1 , A and H), suggesting that alternate targets of JNK were involved in mediating regulation of Yki activity. Although induction of Wingless and Decapentaplegic can contribute to proliferation in response to JNK activation (10, 25) , previous studies suggest that these pathways do not contribute to autonomous activation of Yki (8, 26 Jub is required during wing regeneration and tumor growth
Regenerating wings are sensitive to reductions in Yki activity. For example, yki is normally recessive because loss of one copy of yki has no discernible effects on normal wing growth, but heterozygosity for yki impairs wing regeneration after genetic ablation of the developing larval wing (8, 22) . If Jub is normally important for Jnk-mediated Yki activation in vivo, then, given the essential role of Jnk in regeneration, regenerating wings might also exhibit sensitivity to Jub abundance. Indeed, heterozygosity for jub normally has no effect on wing growth or rates of development (fig. S2) ; however, loss of one copy of jub reduced the growth of regenerating wings (Fig. 2 , A to F). Loss of Lethal giant larvae (Lgl) in wing discs causes disruption of apicalbasal cell polarity and formation of neoplastic tumors. These tumors are associated with activation of both Jnk and Yki, which are required for the associated overproliferation (Fig. 2 , G to K) (8, 9, 31) . Because Jnk promotes Yki activation in Lgl-depleted cells (Fig. 2, G, I , and J) (8), we used this as an independent model to confirm the requirement for Jub in Jnk-mediated Yki activation in vivo. Indeed, jub RNAi in Lgl-depleted cells suppressed both Yki activation and tissue overgrowth (Fig. 2, G 
JNK regulation of Hippo signaling is conserved in mammalian cells
Because both JNK and Hippo signaling are conserved from Drosophila to humans, and JNK-triggered cell proliferation has also been implicated in repair of tissue damage and tumor growth in mammals (4, 6, 15, 16), we investigated whether JNK regulation of Yki is conserved. Basal JNK activity is required for cell proliferation in mammalian cell lines (32) . When we treated the human mammary epithelial cell line MCF10A with the JNK inhibitor SP600125 (33) , phosphorylation of the mammalian Yki homolog YAP on a key regulatory site, Ser 127 , was increased (Fig. 3A) . Treatment of cultured cells with the JNK activator anisomycin (34) significantly decreased phosphorylation of Ser 127 of YAP (Fig. 3A) , an effect that was reversed by SP600125 (Fig. 3A) . Characterization of the phosphorylation of the JNK substrate c-Jun ( fig. S3A ) confirmed the expected effects of these treatments on JNK activity, and the same conditions were used in all drug treatment experiments. Phosphorylation of Ser 127 in YAP by the kinase LATS is a key step in Hippo signaling, which promotes cytoplasmic localization of YAP through interaction with 14-3-3 proteins (20) . Conversely, loss of phosphorylation at Ser 127 activates YAP by increasing its nuclear localization. Thus, these effects suggest that JNK can promote YAP activation in mammalian cells, just as it can promote Yki activation in Drosophila. This notion was further supported by assaying expression of the YAP target gene CTGF, which encodes connective tissue growth factor. CTGF expression was reduced by Jnk inhibition and increased by Jnk activation (Fig. 3B) .
The ability of JNK to reduce phosphorylation of Ser 127 in YAP implies that Hippo signaling is being inhibited, because most upstream components of Hippo signaling ultimately impinge on LATS, the mammalian homologs of Drosophila Wts. LATS is activated by phosphorylation, and one key regulatory site in LATS1 is Thr 1079 , which is phosphorylated by the MST family of kinases (35, 36) , the mammalian homologs of Drosophila Hpo. In MCF10A cells, LATS1 phosphorylation on Thr 1079 was increased by treatment with SP600125 and decreased by treatment with anisomycin (Fig. 3C ). These results suggest that JNK activity inhibits phosphorylation of LATS1 by MST. We extended these studies by examining the influence of two distinct JNK isoforms on Hippo signaling in human embryonic kidney (HEK) 293 cells transfected with plasmids expressing the JNK kinase MKK7 fused with either JNK1 (MKK7B2:FLAG:JNK1) or JNK2 (MKK7B2:FLAG:JNK2), which results in constitutive activation of JNK (37) . Together, our results establish that JNK signaling regulates Hippo signaling in mammalian cells, and impinges on the pathway at or upstream of the phosphorylation and activation of LATS, which is consistent with our genetic experiments in Drosophila.
JNK increases the binding of LIMD1 and WTIP to LATS1
Because genetic studies implicated Jub as essential to JNK-mediated regulation of Yki, we considered the possibility that JNK might influence the activity of Ajuba family proteins. Ajuba proteins can bind to both Wts and Sav in Drosophila cells, and their homologs LATS and WW45 in mammalian cells (30) . The ability of Ajuba family proteins to promote Yki and YAP activity implies that they inhibit Wts and LATS activity through this binding (30) . Thus, we examined whether JNK could influence the binding between Ajuba family proteins and LATS through coprecipitation experiments in cultured cells. There are three mammalian Ajuba family proteins:
Ajuba, LIM domain-containing protein 1 (LIMD1), and Wilms tumor protein 1-interacting protein (WTIP). Expression of constitutively activated JNK significantly increased binding of LIMD1 and WTIP, but not that of Ajuba, to LATS1 (Fig. 3, D to F ). For LIMD1, we also confirmed that binding between endogenous LIMD1 and endogenous LATS1 was increased in MCF10A cells upon JNK activation by anisomycin treatment (Fig. 3G) . Thus, JNK activation increases binding between LIMD1 or WTIP and LATS1, which could, in principle, account for the decreased LATS activity associated with JNK activation.
To identify the protein that is targeted by JNK activation, we affinitypurified V5-tagged LIMD1 from HEK293 cells cotransfected or not with plasmids expressing activated JNK, and then mixed purified LIMD1 with lysates either from cells expressing LATS1 or from cells expressing LATS1 and activated JNK. Cotransfection of activated JNK2 with LIMD1 resulted in a robust (ninefold) increase in LIMD1 binding to LATS1 (Fig. 3H) . Conversely, coexpression of constitutively activated JNK2 with LATS1 did not increase binding between LIMD1 and LATS1 (Fig. 3H) . Thus, the enhanced binding between LIMD1 and LATS1 is due to an influence of JNK2 on LIMD1 rather than on LATS1. Coexpression of constitutively activated JNK1 with LIMD1 gave a similar increase in binding to LATS1, confirming that either JNK protein can increase LATS1-LIMD1 binding ( fig. S3E ). Similar experiments established that JNK also increased WTIP-LATS1 binding through an effect on WTIP ( fig. S3F ).
We also examined the influence of JNK activation on binding between Ajuba family proteins and WW45. However, the binding between Ajuba, LIMD1, or WTIP and WW45 was unaffected by JNK activation ( fig. S3 , G to I).
JNK induces phosphorylation of Ajuba family proteins
Activation of JNK reduced the mobility of LIMD1 (Fig. 3 and fig. S3 ), suggesting that it induces a posttranslational modification. To examine whether Ajuba family proteins could be subject to JNK-promoted phosphorylation, we analyzed the lysates from HEK293 cells expressing an epitope-tagged Ajuba family protein, along with activated forms of JNK1 or JNK2 or negative controls, by standard SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gradient gels and Phos-tag gels, which contain a phosphate-binding moiety that specifically retards the mobility of phosphorylated proteins (38, 39) . Activation of JNK resulted in efficient phosphorylation of LIMD1, visible as a clear mobility shift of most protein on both standard gels and Phos-tag gels (Fig. 4A) . For WTIP, a fraction of the protein was phosphorylated on the basis of the mobility shift observed on both standard and Phos-tag gels (Fig. 4A) , although the phosphorylation profile of a substantial fraction of the protein was not altered. Ajuba was the least affected because Phos-tag gels did not identify any new species with decreased mobility (namely, increased phosphorylation), although there was a modest shift in the proportions of faster-and slower-migrating isoforms on Phos-tag gels (Fig. 4A) . The extent of phosphorylation of Ajuba family proteins by JNK thus correlated with the degree of increased binding to LATS1. Similar analysis for Drosophila Jub indicated that activation of Basket (Bsk), the Drosophila homolog of JNK, induced phosphorylation of Jub in S2 cells ( fig. S4A ). To investigate whether the phosphorylation of Ajuba family proteins was direct, we also performed in vitro kinase assays, using LIMD1 purified from HEK293 cells or Jub purified from S2 cells, and a commercially available active JNK. These experiments confirmed that Jub and LIMD1 could be directly phosphorylated by JNK in vitro (Fig. 4B and fig. S4B ).
Direct JNK phosphorylation of LIMD1 increases LIMD1-LATS1 binding
To investigate whether JNK enhances LIMD1-LATS1 binding directly through phosphorylating LIMD1, we incubated purified LIMD1 phosphorylated in vitro by JNK with cell lysates containing Myc-tagged LATS1. LIMD1-LATS1 binding was significantly increased by JNKmediated phosphorylation of LIMD1 in vitro (Fig. 4B) . We then identified candidate JNK phosphorylation sites on V5-tagged LIMD1 purified from cells with or without JNK2 activation by using mass spectrometry [liquid chromatography-tandem mass spectrometry (LC-MS/MS)]. Eleven sites had increased phosphorylation in the presence of JNK activation ( fig. S4C) , nine of which conform to the minimal JNK site consensus (serine or threonine followed by proline fig. S4D) . We also constructed a LIMD1 8A mutant (containing the mutations S187A, S197A, S211A, S255A, S272A, S277A, T294A, and S384A), and these mutations significantly reduced, but did not eliminate, the increased LIMD1-LATS1 binding caused by JNK activation (fig. S4E) .
Ser 272 and Ser 277 are within the N-terminal half of LIMD1, but Ajuba family proteins are reported to bind LATS proteins through their LIM domains (41) , which are in the C-terminal half. To further investigate how JNK influences LIMD1-LATS1 binding, we assayed the influence of JNK on binding of a C-terminal LIMD1 polypeptide constituting the three LIM domains to LATS1. This polypeptide bound LATS1, but this binding was not affected by JNK activation (fig. S4F ). This observation implies that the ability of JNK to increase the binding of LATS1 to the C-terminal half of LIMD1 requires JNK phosphorylation sites in the N-terminal half of LIMD1.
DISCUSSION
JNK signaling has been implicated in proliferative responses to tissue damage during regeneration, compensatory cell proliferation, and tumorigenesis. In many cases, these proliferative responses depend on activation of Yki, but mechanisms by which JNK activation promotes Yki activation have been unknown. Here, we have combined genetic and biochemical approaches to identify and characterize a molecular mechanism that links JNK to Yki regulation. Moreover, we have discovered that the ability of JNK to activate YAP is conserved in mammalian cells. Considering the important roles for both JNK and YAP activity in regeneration and tumorigenesis, the discovery that they can be linked in mammalian cells as they are in Drosophila suggests that a JNK-YAP link could also contribute to tumorigenesis and proliferative responses to tissue damage in mammals. JNK signaling also has proapoptotic activity, and the factors that control the balance between apoptotic and proliferative responses have remained unknown. Our identification of a key role for Ajuba family proteins and their regulation of Yki and YAP in the proliferative response provides a basis for further investigations of Ajuba family proteins as potential contributors to the divergent responses to JNK activation in different contexts.
Our results support a model in which JNK promotes Yki and YAP activity by phosphorylating Ajuba family LIM proteins and increasing their binding to Wts and LATS proteins, thereby preventing their activation by Hpo and MST (Fig. 4D) . Although we have not yet identified the sites that completely account for the influence of JNK on LIMD1-LATS1 binding, our results show that the influence of JNK is mediated through an effect that ultimately impinges on LIMD1 rather than on LATS1 and that this effect could be at least partially recapitulated by in vitro phosphorylation of LIMD1 by JNK, and partially blocked by preventing phosphorylation of two Ser residues in the N terminus. Thus, although we do not exclude the possibility of additional mechanisms, at least part of the effect of JNK can be ascribed to direct phosphorylation of the N terminus. Because the C terminus is the LATS1 binding region, these observations suggest a model in which phosphorylation of LIMD1 promotes formation of an "open" conformation in which the LIM domains are more accessible (Fig. 4E) . Intriguingly, direct evidence for a similar mechanism has been obtained for a related LIM domain protein, Zyxin: Phosphorylation of sites in the N terminus of Zyxin reduces interaction of the N terminus with the C-terminal LIM domains and enhances the ability of the LIM domains to associate with other binding partners (42, 43) . Our results also indicate that the responsiveness to JNK varies among the three mammalian family members, with LIMD1 being the most responsive and Ajuba the least responsive. Considering the requirement for jub in the regulation of Yki by JNK in Drosophila, it is noteworthy that among the three mammalian Ajuba family proteins, LIMD1 is the most closely related to Drosophila Jub, whereas Ajuba is the most divergent (30) .
EGFR (epidermal growth factor receptor)-Ras-ERK (extracellular signalregulated kinase) signaling has been linked to Yki activation (44) . ERK can also connect to Hippo signaling through phosphorylation of Ajuba family proteins. Thus, these combined studies implicate Ajuba family proteins as a key regulatory node within the Hippo pathway for cross-regulation by other signaling pathways. The biochemical mechanisms are distinct: JNK promotes both LIMD1 and WTIP binding to LATS1, whereas ERK only promotes WTIP binding to LATS1; JNK promotes binding to LATS1, whereas ERK promotes binding to both LATS1 and WW45 or Sav; and JNK acts through sites in the N terminus, whereas ERK acts through a site within the C-terminal LIM domains of WTIP (44) . Nonetheless, there is a general conceptual similarity, in which phosphorylation influences the ability of Ajuba family proteins to bind to partners within the Hippo pathway, which might in all cases stem from a phosphorylation-induced conformational change. The observation that both pathways impinge on Ajuba family proteins is particularly intriguing in light of the synergy between Ras and JNK activation in promoting tumorigenesis (9, (11) (12) (13) (14) , which might thus be at least partially explained by their impinging on a shared biochemical mechanism for Yki and YAP regulation.
MATERIALS AND METHODS
Fly stocks
The fly stocks used were as follows: salPE-Gal4 UAS-GFP UAShep.CA/CyOGFP;UAS-dcr2 Dronc I29 /TM6BGal80, ex-lacz salPEGal4 UAS-GFP UAS-hep.CA/CyOGFP; UAS-dcr2 Dronc Cell culture, transfection, and treatment Drosophila S2 cells were cultured in Schneider's Drosophila Medium (Life Technologies) supplemented with 10% fetal bovine serum (FBS) (Sigma) and antibiotic-antimycotic (Life Technologies) at 25°C. HEK293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Life Technologies) supplemented with 10% FBS and antibiotic-antimycotic, and MCF10A cells were cultured in DMEM/F12 (Life Technologies) supplemented with 5% horse serum, epidermal growth factor (20 mg/ml), insulin (10 mg/ml), chlorotoxin (0.1 mg/ml), hydrocortisone (0.5 mg/ml), and antibiotic-antimycotic at 37°C and 5% CO 2 . S2 cells were transfected with Cellfectin II (Life Technologies), and HEK293 and MCF10A cells were transfected with Lipofectamine 2000 (Life Technologies) according to the manufacturer's protocols, and harvested 24 hours after transfection. SP600125 (50 mM) (Santa Cruz Biotechnology) and/or anisomycin (50 ng/ml) (Abcam) were applied to MCF10A cells for 4 hours after 24-hour serum starvation; for cotreatments, cells were pretreated with DMSO (−) or 50 mM SP600125 for 1 hour, followed by treatment with anisomycin (50 ng/ml) and/or 50 mM SP600125 for 4 hours.
Immunoblotting and immunoprecipitation
Cells were lysed in lysis buffer [50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.1% CHAPS, 0.1% NP-40, 1 mM EDTA, 5% glycerol] supplemented with protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Calbiochem). Protein samples were applied to 4 to 15% gradient gels (Bio-Rad). For immunoprecipitation, protein samples were incubated with mouse anti-V5 agarose affinity gel (Sigma) overnight or rabbit anti-Lats1 (1:150; Cell Signaling Technology) overnight followed by incubation with protein G-Sepharose (GE Healthcare) for 1 hour at 4°C. Antibodies used for immunoblotting include rabbit anti-Lats1 
Statistical analysis
Statistical significance was determined with paired two-tailed t test for twosample comparisons or analysis of variance (ANOVA) for multiple-sample analysis after logarithm transformation of normalized or ratio values, with P < 0.05 set as the criteria for significance. The Tukey test was used to derive adjusted P values for multiple comparisons. Error bars on figure panels show SEM.
Phos-tag gel
For Phos-tag gel, cells were lysed in 50 mM tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, and 0.1% NP-40. Lysates containing transfected Drosophila Jub or human LIMD1 were applied to 6% SDS-PAGE containing 25 mM Phos-tag Acrylamide AAL-107 (NARD Institute) and 50 mM MnCl 2 . Lysates containing transfected human Ajuba or WTIP were applied to 8% SDS-PAGE containing 25 mM Phos-tag Acrylamide AAL-107 and 50 mM MnCl 2 .
In vitro kinase assay
Flag-tagged Jub was expressed in S2 cells in six-well plates and purified with EZview Red Anti-flag M2 Affinity Gel (Sigma). V5-tagged LIMD1 was expressed in HEK293 cells and purified with mouse anti-V5 agarose affinity gel (Sigma). After washing with lysis buffer, beads with purified proteins were added to kinase buffer [50 mM tris-HCl (pH 7.5), 1 mM dithiothreitol] supplemented with protease inhibitor cocktail, phosphatase inhibitor cocktail, and magnesium/ATP (adenosine 5′-triphosphate) cocktail (1:5; Millipore). For each reaction, 500 ng of JNK1a1 (to phosphorylate Drosophila Jub) or JNK2a2 (to phosphorylate LIMD1; Millipore) was added. The mixture was incubated at 15°C for 1 hour.
In vitro binding assay V5-tagged LIMD1, LIMD1-C, WTIP, or GFP was transfected into HEK293 cells with or without MKK7B2:FLAG:Jnk2a2. Cells were lysed in lysis buffer [50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.1% CHAPS, 0.1% NP-40, 1 mM EDTA, 5% glycerol] supplemented with protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Calbiochem). Lysates were incubated with mouse anti-V5 agarose (Sigma) for 3 hours at 4°C and then washed with lysis buffer four times. The beads with V5-tagged proteins were incubated with cell lysates containing Myc-tagged Lats1 with or without MKK7B2:FLAG:Jnk2a2 or MKK7B2:FLAG:Jnk1a1 overnight at 4°C. Beads were then washed with lysis buffer six times and applied to SDS-PAGE.
Mass spectrometry
V5-tagged LIMD1 was transfected into HEK293 cells with or without MKK7B2:FLAG:Jnk2a2. After protein extraction, LIMD1:V5 was purified with anti-V5 agarose (Sigma) and applied to 4 to 15% gradient gel. Gels were stained with GelCode Blue Stain Reagent (Pierce). Bands were cut from gel and analyzed by the Biological Mass Spectrometry Facility of the University of Medicine and Dentistry of New Jersey-Rutgers for LC-MS/MS analysis.
Quantitative RT-PCR
RNA was extracted from MCF10A cells treated with different drugs using TRIzol reagent (Life Technologies). SuperScript III Reverse Transcriptase (Life Technologies) was used for reverse transcription. Quantitative PCR was conducted with QuantiTect SYBR Green PCR Kit (Qiagen).
Immunostaining
Inverted anterior part of Drosophila larvae were fixed in 4% paraformaldehyde for 20 min at room temperature, then washed with phosphatebuffered saline containing 1% bovine serum albumin and 0.1% Triton X-100, and blocked by 5% donkey serum. Antibodies used for immunostaining include rabbit anti-Yki (1:400) and mouse anti-b-Gal (1:400; Developmental Studies Hybridoma Bank). The intensity of ex-lacZ staining and compartment area were quantified with ImageJ software, comparing GFP-expressing to non-GFP-expressing cells within the wing pouch.
Wing regeneration experiment
Larvae were raised at 18°C for 8 days after egg laying and then transferred to 29°C for 40 hours to ablate the developing larval wing by inducing proapoptotic gene expression through inactivation of Gal80 ts . After ablation, larvae were shifted back to 18°C and maintained at 18°C until eclosion. Adult wings were mounted in Gary's Magic Mountant and photographed with ProgRes Mac CapturePro software. Wing sizes were quantified with ImageJ software.
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